We also see an increase in prevalence of organisms often associated with lower pH 208 and higher oxygen levels of the upper-gut, like Lactobacillaceae and Enterobac-209 teriaceae, in patients with diarrhea ( Figure 3A ) [42] . Additionally, both CDI 210 and non-CDI diarrhea patients had lower Shannon alpha diversity, a measure We next compared genera across all diseases in order to determine 231 whether some microbes respond to multiple disease states, forming a 232 core response to health and illness. We considered a genus to be part of 233 the "core" microbial response if it was significantly enriched or depleted (q < 234 0.05) in at least one dataset from at least two different diseases. We identified 35 235 health-associated genera and 24 disease-associated genera out of the 139 genera 236 that were significant in at least one dataset (Figure 3 ). We also found five genera that were both health-and disease-associated (i.e. they were enriched 238 in controls across at least two diseases, but were also depleted in controls in Here, we identify distinct sub-groups of health-and disease-associated [42] . Therefore, these disease-associated taxa 256 may be indicators of shorter stool transit times and disruptions in the redox 257 state and/or pH of the lower intestine, rather than specific pathogens. These Prevotella is associated with sexual behavior rather than a specific disease state
268
[31] -perhaps other bacteria in the Prevotellaceae group are also affected by 269 environmental and behavioral factors, contributing to their variability across 270 studies.
271
A majority of bacterial associations within individual studies over-272 lap with the "core" response. This indicates that most previously reported 273 microbe-disease associations may not be specific to individual diseases but in-274 stead likely reflect a universal microbial response to disease. For each dataset 275 that had at least one significant (q < 0.05) association, we calculated the per-276 cent of associated genera which were also part of the "core" response in the 277 same direction ( Figure 3B ). Strikingly, the majority of responses were not spe-278 cific to individual diseases; on average, 67% of a dataset's genus-level associa-279 tions were genera in the "core" response. In light of this finding, it is crucial 280 that researchers consider these "core" bacteria when interpreting results from 281 their case-control studies. To ensure that an identified microbial association 282 8 is disease-specific, researchers should make sure that it is not part of the uni-versal response by cross-checking their results with an updated list of "core" 284 microbes. Researchers can access an updated list of "core" microbes from this 285 analysis at the MicrobiomeHD database [46] , or they can curate their own lists 286 by performing similar cross-disease meta-analyses.
287
The core healthy microbiome is made up of bacteria that are both 288 ubiquitous and abundant across people, whereas bacteria within the 289 core disease microbiome are abundant when present but are not ubiq-290 uitous. We calculated the average abundance (i.e. the total abundance across 291 all patients divided by the number of patients with non-zero abundance) and 292 ubiquity (i.e. the number of patients with the genus present divided by the total 293 number of patients) for each "core" genus. We found that the "core" health-294 associated genera were more ubiquitous than the disease-associated ones, but 295 not necessarily more abundant ( Figure 3C ). Thus, presence/absence of core gen-296 era appears to be a better indicator of disease-associated microbial shifts than 297 changes in the overall abundance of these genera. However, a small subset of 298 the core disease-associated genera were relatively ubiquitous across patients.
299
Among the most ubiquitous were Escherichia/Shigella and Streptococcus. Es- and is frequently present in healthy people's guts as well as over-represented in 302 sick patients. Genera within Enterobacteriaceae, Lactobacillaceae, and Strepto-303 coccaceae families are dominant in the upper gastrointestinal tract [42, 48] and 304 are present in many people's stool at low frequency. These taxa likely become 305 enriched with faster stool transit time (i.e. signatures of diarrhea) [42, 49] . findings. Multiple studies of the same disease were necessary to identify shifts 312 consistently associated with individual diseases. We did not find consistent bac-313 terial associations for conditions with fewer than four datasets (Figure 1, 3A) .
314
Within-disease meta-analysis also increased our ability to interpret the results 315 from any one dataset. Despite few significant differences, some of these studies Figure 1A ), indicating that there may 318 be a disease-associated shift that was not detected by univariate comparisons.
319
However, because few other studies of the same disease were available for com- Figure 4) Table 4 
Microbiome community analyses 482
Shannon Index alpha diversities were calculated based on the non-collapsed 483 100% OTU-level relative abundances, and included un-annotated OTUs.
484
We calculated the average abundance and ubiquity ( Figure 3C) Total sample size for each study included in these analyses. Additional information about each dataset can be found in Table 1 . Studies on the y-axis are grouped by disease and ordered by decreasing sample size (top to bottom). Right: Area under the ROC curve for genus-level random forest classifiers. X-axis starts at 0.5, the expected value for a classifier which assigns labels randomly, and AUCs less than 0.5 are not shown. ROC curves for all datasets are in Supplementary Figure 5. (B) Left: Number of genera with q < 0.05 (FDR KW test) for each dataset. If a study has no significant associations, no point is shown. Right: Direction of the microbiome shift, i.e. the percent of total associated genera which were enriched in diseased patients. In datasets on the leftmost blue line, 100% of associated (q < 0.05) genera are health-associated (i.e. depleted in patients relative to controls). In datasets on the rightmost red line, 100% of associated (q < 0.05) genera are disease-associated (i.e. enriched in patients relative to controls). Supplementary Figures 8 and 9 show q-values and effects for each genus in each study. The majority of disease-associated microbiome alterations overlap with a "core" microbial response to disease. (A) Core and disease-associated genera. Genera are in columns, arranged phylogenetically according to a PhyloT tree built from genus-level NCBI IDs (http://phylot. biobyte.de). Core genera are associated with health (or disease) in at least two different diseases (q < 0.05, FDR KW test). Disease-specific genera are significant in the same direction in at least two studies of the same disease (q < 0.05, FDR KW test). As in Figure 2 , blue indicates higher mean abundance in controls and red indicates higher mean abundance in patients. Black bars indicate mixed genera which were associated with health in two diseases and also associated with disease in two diseases. Core genera are calculated using results from all datasets. Disease-specific genera are shown for diseases with at least 3 studies. Phyla, left to right: Euryarchaeota (brown), Verrucomicrobia Subdivision 5 (gray), Candidatus Saccharibacteria (gray), Bacteroidetes (blue), Proteobacteria (red), Synergistetes (pink), Actinobacteria (green), Firmicutes (purple), Verrucomicrobia (gray), Lentisphaerae (pink), Fusobacteria (orange). See Supplementary Figure 7 for genus labels. (B) The percent of each study's genus-level associations which overlap with the core response (q < 0.05). Only datasets with at least one significant association are shown. (C) Overall abundance and ubiquity of core genera across all patients in all datasets. "Core" genera on the x-axis are as defined above. presented, but we identify a number of significant taxa that were not originally 605 reported.
606
Taken together, we see large-scale shifts in the microbiome associated with control patients [19] . At the phylum level, they found that Proteobacteria, Fu-sobacteria, and Bacteroidetes, were more abundant in CRC patients, while Fir-micutes and Actinobacteria were enriched in control patients. At the genus level,
Bacteroides and Alstipes were more abundant in controls. We found all the associations reported above in our re-analysis. Additionally, we saw higher rel- dren. After reprocessing these data, we found no significant differences in alpha 847 diversity or genera abundances between autistic and control children ( Fig. 1 patients. T1D patients showed higher levels of Bacteroides. In our re-analysis,
870
we found no significant differences in bacterial genera across healthy and dis-871 eased patients. in the controls. We saw no significant differences in our re-analysis of these data.
878
Overall, the original authors report a consistent increase in Bacteroides and 879 depletion in Prevotella genera associated with T1D. However, our re-analysis 880 found that these differences did not pass our significance threshold. Thus, we
881 cannot yet conclude that there is a consistent dysbiosis associated with T1D. 8 Supplementary Tables and Figures Table 3 : Processing parameters for all datasets. Barcodes column indicates whether we assigned reads to samples by their barcodes (Yes) or if the files were already de-multiplexed (No). Primers column indicates whether we removed the primers from sequences. Quality filtering and Quality cutoff columns indicate the type of quality filtering we performed on the data. Length trim is the length to which all sequences were truncated before clustering into OTUs. In the case of -fastq truncqual quality filtering, reads were length trimmed after quality truncation. In the case of -fastq maxee quality filtering, reads were length trimmed before quality filtering. Datasets are ordered alphabetically by disease and within disease by first author. Figure 4 : Reduction in alpha diversity is not a reliable indicator of "dysbiosis." Shannon diversity index across all patient groups in all studies, calculated on OTUs (i.e. not collapsed to genus level, and including unannotated OTUs). Diarrheal patients consistently have lower alpha diversity than nondiarrheal controls (green box). Crohn's disease (CD) patients also show a slight reduction of alpha diversity relative to controls in three out of four IBD studies and ulcerative colitis (UC) patients in two studies (purple box). Obese patients have inconsistent and small reductions in alpha diversity, consistent with a previous meta-analysis [12] . * : 0.01 < p < 0.05, * * : 10 −4 < p < 0.01, * * * : p < 10 −4 . P values are calculated from a two-sided T-test (using scipy.stats.ttest ind) and are not corrected for multiple tests. Note that ob zhu and nash zhu are the same study; the full cohort results are presented only once in this plot (ob zhu). Figure 8: Heatmap of log10(q values) for all genera which were significant (q < 0.05) in at least one dataset, across all studies. Rows are genera, ordered phylogenetically (as in Figure 3A ). Columns are datasets, grouped by disease and ordered according to total sample size (decreasing from left to right). The first and second heatmap panels from the left are the same as in Figure 3A .
q-values are colored according to directionality of the effect, where red indicates higher mean abundance in patients relative to controls and blue indicates higher mean abundance in controls. Opacity indicates significance and ranges from 0.05 to 1, where q values less than 0.05 are the darkest colors and q values close to 1 are gray. White indicates that the genus was not present in that dataset.
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No change
More abundant in controls
More abundant in cases Figure 9 : Heatmap of log-fold change between cases and controls (i.e. log 2 ( mean abundance in cases mean abundance in controls ) for all genera which were significant (q < 0.05) in at least one dataset, across all studies. Rows are genera, ordered phylogenetically (as in Figure 3A) . Columns are datasets, grouped by disease and ordered according to total sample size (decreasing from left to right). The first and second heatmap panels from the left are the same as in Figure 3A . Values are colored according to directionality of the effect, where red indicates higher mean abundance in patients relative to controls and blue indicates higher mean abundance in controls. Opacity indicates fold change and ranges from 1300 to 0, where fold changes greater than 1300 are the darkest colors and fold changes close to 0 are gray. White indicates that the genus was not present in that dataset.
Figure 10: Varying Random Forest parameters does not significantly affect AUC of classification of cases from controls (Gini criteria). Random Forest classifiers built by using the Gini impurity ("gini") split criteria. Upward-pointing triangles are classifiers built with 10000 estimators; downward-pointing triangles are built with 1000 estimators. Colors indicate the value of min samples leaf (the minimum number of samples required to be at a leaf node): red = 1, blue = 2, green = 3. X-axes are the value of min samples split (the minimum number of samples required to split an internal node) [56] . All Random Forests were built using the random state seed 12345.
Figure 11: Varying Random Forest parameters does not significantly affect AUC of classification of cases from controls (entropy criteria). Random Forest classifiers built by using the information gain ("entropy") split criteria. Upward-pointing triangles are classifiers built with 10000 estimators; downwardpointing triangles are built with 1000 estimators. Colors indicate the value of min samples leaf (the minimum number of samples required to be at a leaf node): red = 1, blue = 2, green = 3. X-axes are the value of min samples split (the minimum number of samples required to split an internal node) [56] . All Random Forests were built using random state seed 12345. the intestinal microbiome in inflammatory bowel disease and treatment.
